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•  Direct  measurement  of  gas  diffusion 
layer  bulk  and  contact  resistances. 

•  Teflon  treatment  increases  GDL  con¬ 
tact  resistance  with  no  change  of 
bulk  resistance. 

•  Microporous  layer  decreases  contact 
resistance. 

•  Uneven  compression  under  channels 
and  ribs  deforms  GDL,  breaking 
electrical  contact. 
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A  multi-electrode  probe  is  employed  to  distinguish  the  bulk  and  contact  resistances  of  the  catalyst  layer 
(CL)  and  the  gas  diffusion  layer  (GDL)  with  the  bipolar  plate  (BPP).  Resistances  are  compared  for  Vulcan 
carbon  catalyst  layers  (CL),  carbon  paper  and  carbon  cloth  GDL  materials,  and  GDLs  with  microporous 
layers  (MPL).  The  Vulcan  carbon  catalyst  layer  bulk  resistance  is  100  times  greater  than  the  bulk  resis¬ 
tance  of  carbon  paper  GDL  (Toray  TG-H-120).  Carbon  cloth  (CCWP)  has  bulk  and  contact  resistances 
twice  those  of  carbon  paper.  Compression  of  the  GDL  decreases  the  GDL  contact  resistance,  but  has  little 
effect  on  the  bulk  resistance.  Treatment  of  the  GDL  with  polytetrafluoroethylene  (PTFE)  increases  the 
contact  resistance,  but  has  little  effect  on  the  bulk  resistance.  A  microporous  layer  (MPL)  added  to  the 
GDL  decreases  the  contact  resistance,  but  has  little  effect  on  the  bulk  resistance.  An  equivalent  circuit 
model  shows  that  for  channels  less  than  1  mm  wide  the  contact  resistance  is  the  major  source  of 
electronic  resistance  and  is  about  10%  of  the  total  ohmic  resistance  associated  with  the  membrane 
electrode  assembly. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  require  both 
low  ionic  and  low  electronic  resistivity  to  achieve  high  efficiency. 
Oxidation  and  reduction  reactions  take  place  at  the  membrane/ 
catalyst  layer  interface.  Protons  are  transported  through  the 


*  Corresponding  author. 

E-mail  address:  benziger@princeton.edu  (J.B.  Benziger). 

0378-7753 /$  -  see  front  matter  ©  2014  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2014.01.082 


polymer  electrolyte  membrane  and  electrons  are  transported 
through  the  catalyst  layers  and  the  gas  diffusion  layer.  Most 
research  has  focused  on  the  ionic  resistance  of  the  membrane  as  it 
poses  the  largest  potential  loss.  However,  the  potential  losses  for 
the  electron  current  through  the  bipolar  plate  (BPP),  gas  diffusion 
layer  (GDL)  and  catalyst  layer  (CL)  can  reduce  the  overall  power 
output  from  a  PEMFC  [1,2].  In  this  paper  we  examine  the  factors 
that  affect  the  potential  losses  associated  with  electronic  current  in 
the  membrane  electrode  assembly  (MEA). 
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There  have  been  many  experimental  reports  and  computational 
simulations  of  the  fuel  cell  electronic  resistivity.  In  order  to  mini¬ 
mize  the  electronic  resistance,  researchers  have  examined  a  variety 
of  bipolar  plate  materials,  including  graphite  [3-5],  carbon  com¬ 
posites  [6,7],  untreated  and  plated  stainless  steel  [8-11]  and  alloys 
[12].  Electronic  resistance  is  also  affected  by  manufacturing  pro¬ 
cesses  including  injection  molding  [13,14],  surface  treatments  [15- 
17]  and  structure  optimization  [18-20  .  Davies  et  al.  [21  ]  compared 
different  bipolar  plate  materials  and  found  the  lowest  contact 
resistance  between  the  BPP  and  the  GDL  was  obtained  with  Poco® 
graphite  (Decatur,  TX);  the  protective  oxide  on  stainless  steel 
resulted  in  a  greater  contact  resistance  for  stainless  steel  BPPs.  Akiki 
et  al.  [22]  also  compared  different  bipolar  plate  materials  and  found 
the  lowest  contact  resistance  between  the  BPP  and  the  GDL  was 
obtained  with  Poco®  graphite.  Zhang  et  al.  [23]  and  Lai  et  al.  [24] 
estimated  the  transverse  contact  resistance  between  the  BPP  and 
the  GDL  as  a  function  of  compression.  They  found  the  contact 
resistance  decreased  with  increasing  clamping  pressure.  Zhou  et  al. 
[25]  investigated  the  effect  of  the  non-uniformity  of  the  contact 
pressure  distribution  on  the  electronic  contact  resistance.  Their 
results  showed  that  the  electrical  contact  resistances  was  reduced 
by  less  than  30%  by  making  the  clamping  pressure  distribution 
more  uniform.  Ismail  et  al.  [26]  reported  that  the  contact  resistance 
between  the  GDL  and  the  BPP  increased  with  increasing  poly- 
tetrafluoroethylene  (PTFE)  loading  in  the  GDL.  Miyazawa  et  al.  [27] 
investigated  the  electrical  properties  of  the  GDL  and  the  BPP  and 
concluded  that  the  contact  area  between  the  GDL  and  the  BPP 
showed  no  noticeable  increase  with  increasing  compression  pres¬ 
sure  above  a  level  of  0.8  MPa. 

GDLs  are  often  coated  with  a  thin  layer  of  carbon  particles  as  a 
microporous  layer  (MPL)  to  assist  in  water  management.  Park  et  al. 
[28,29]  studied  the  effects  of  PTFE  content  and  carbon  loading  in 
the  MPL  on  the  performance  of  fuel  cells.  They  reported  that  the 
MPL  reduced  the  contact  resistance  between  the  GDL  and  the 
catalyst  layer  or  the  bipolar  plate. 

Experimental  devices  to  measure  GDL  resistance  have  generally 
placed  a  piece  of  the  GDL  material  between  two  flat  steel  plates. 
Clamping  pressure  is  applied  to  assure  good  contact  between  the 
GDL  test  samples  and  the  steel  plates.  The  transverse  resistance 
between  the  steel  plates  is  measured.  Assuming  the  resistance  of 
the  steel  plates  can  be  ignored  the  transverse  resistance  is  equal  to 
the  GDL  resistance.  The  transverse  resistance  includes  contribu¬ 
tions  from  both  bulk  resistance  in  the  GDL  and  the  contact  resis¬ 
tance  between  the  GDL  and  the  BPP.  Different  models  have 
attempted  to  distinguish  the  contributions  from  the  bulk  resistance 
of  the  GDL  and  the  contact  resistance  between  the  GDL  and  the  BPP. 

In  PEMFCs,  the  electronic  current  is  carried  laterally  from  the 
channel  to  the  ribs.  The  compression  of  the  GDL  is  not  uniform.  The 
GDL  is  compressed  under  the  ribs  but  is  not  compressed  under  the 
channel.  To  properly  assess  the  electronic  resistance  from  the 
channel  to  the  rib  it  is  necessary  to  determine  both  the  lateral  bulk 
resistivity  and  the  contact  resistance. 

Dhar  et  al.  [30]  introduced  a  pulse  method  for  the  measurement 
of  contact  resistance  and  bulk  resistance  of  semiconductors  sam¬ 
ples.  Cooper  et  al.  [31  ]  summarized  and  compared  the  electrical  test 
methods  for  on-line  fuel  cell  ohmic  resistance  measurement.  They 
suggested  that  users  of  these  techniques  should  be  cognizant  of 
differences  in  these  methods  (current  interrupt,  AC  resistance,  high 
frequency  resistance,  HFR,  and  electrochemical  impedance  spec¬ 
troscopy,  EIS)  to  properly  apply  and  interpret  the  results  if  accurate 
and  useful  measurements  of  cell  resistance  are  to  be  obtained. 
Mishra  et  al.  [32]  appear  to  be  the  first  to  report  the  effects  of 
different  gas  diffusion  layer  materials  and  contact  pressure  on  the 
electrical  contact  resistance.  They  presented  a  fractal  to  predict  the 
contact  resistance  as  a  function  of  pressure,  material  properties, 


and  surface  geometry.  Liu  [33]  introduced  a  four-terminal  mea¬ 
surement  technique  to  determine  resistivity  and  eliminate  the 
thermal  EMFs  to  improve  the  accuracy  of  the  measurements.  Okel 
et  al.  [34]  developed  a  4  electrode  device  that  clamp  the  GDL  with  a 
uniform  clamping  pressure  for  the  simultaneous  measurement  of 
bulk  and  contact  resistances  of  materials  used  in  fuel  cells.  They 
concluded  that  >90%  of  the  resistance  is  associated  with  the  con¬ 
tact  resistance  between  the  GDL  and  the  BPP. 

In  the  experiments  presented  here,  a  multi-electrode  probe  was 
designed  to  distinguish  between  the  contact  resistance  and  bulk 
resistance  through  the  GDL.  The  resistances  of  carbon  cloth  and 
carbon  paper  GDL  materials  are  compared  as  functions  of 
compression  and  PTFE  loading.  The  contact  and  bulk  resistances  of 
catalyst  layers  and  MPL  layers  have  also  been  measured.  A  simple 
equivalent  circuit  model  is  presented  to  show  how  the  resistance  is 
reduced  by  the  addition  of  a  GDL  in  a  PEMFC. 

2.  Experimental 

Fig.  1  is  a  schematic  of  a  vertical  cut  across  a  PEMFC.  The  prin¬ 
ciple  role  of  the  GDL  is  to  carry  the  electronic  current  from  the 
catalyst  layer  under  the  channel  to  the  rib  of  the  bipolar  plate.  It 
should  accomplish  this  while  minimizing  mass  transport  re¬ 
sistances  for  gaseous  reactant  from  the  gas  flow  channel  to  the 
catalyst  layer  and  for  liquid  water  from  the  catalyst  layer  to  the  gas 
flow  channel.  There  are  five  contributions  to  the  resistance  for  the 
electronic  current.  The  resistances  of  the  bipolar  plate  (Repp),  the 
GDL  (Rgdl)  and  the  catalyst  layer  (ftCat)  are  in  parallel  and  connected 
by  the  interfacial  resistances  of  the  GDL  with  the  bipolar  plate  (Rbpp- 
gdl)  and  the  catalyst  layer  (ftGDL-cat)-  There  are  contributions  from 
both  lateral  and  transverse  electron  transport  in  the  CL,  the  GDL 
and  the  BPP. 

To  measure  contact  and  lateral  resistances  we  constructed  the 
GDL  conductivity  cell  shown  in  Fig.  2.  Different  compression  plates 
(or  blocks)  were  employed  to  represent  the  channel/rib  structure 
employed  in  the  BPP  flow  fields.  Block  #0  is  a  flat  plate.  Blocks  #1 
and  #2  are  representative  of  the  bipolar  plates  with  different 
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Fig.  1.  Electrical  resistance  network  model  of  the  catalyst  layer/gas  diffusion  layer/ 
bipolar  plate. 
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Fig.  2.  Experiment  schematic  and  installation  of  the  GDL  conductivity. 


channel  and  rib  spacing.  Block  #3  is  the  measurement  block.  The 
flow  field  blocks  are  acrylic  with  a  series  of  parallel  channels 

1.6  mm  deep  separated  by  ribs  that  are  3.2  mm  wide.  Block#l  had 

9.6  mm  wide  channels  and  Block#2  had  3.2  mm  wide  channels. 
Block  #3  is  a  flat  surface  with  a  series  of  14  parallel  Cu  electrodes 

1.6  mm  wide  x  3.2  mm  high  x  55  mm  long  separated  by  1.6  mm 
acrylic  ribs.  The  Cu  electrodes  and  the  acrylic  block  were  machined 
smooth.  The  Cu  electrodes  extended  beyond  the  acrylic  block 
permitting  clips  to  be  attached  for  electrical  measurements. 

The  conductivity  cell  is  operated  like  a  4-point  conductivity 
probe  where  the  distance  between  the  inner  electrodes  for  the 
voltage  measurement  can  be  varied  [35,36  .  The  contact  electrodes 
are  made  of  copper  in  order  to  minimize  the  impact  of  electrode 
resistance. 

The  BPP  block  and  the  measurement  block  were  bolted  together 
with  4  bolts.  Each  of  the  bolts  was  tightened  to  the  same  torque. 
The  clamping  pressure  was  determined  from  the  force  applied  by 
the  four  bolts  divided  by  the  area  of  the  GDL  sample  being 
compressed. 

A  Hewlett-Packard  (Palo  Alto,  CA)  6113A  power  supply  fed  a  DC 
current  of  — 1—100  mA  through  the  outermost  electrodes  while  the 
voltage  was  measured  between  combinations  of  the  inner  elec¬ 
trodes.  A  precision  voltmeter  (BK  2831 E,  B&K  Precision  Corp.,  Yorba 
Linda,  CA)  measured  the  voltages  between  copper  electrodes.  By 
decoupling  the  current  supply  and  voltage  measurements  voltage 
losses  through  the  external  electrical  leads  are  eliminated.  The 
resistance  is  the  ratio  of  the  measured  voltage  to  the  applied  cur¬ 
rent.  Resistances  were  measured  at  several  different  currents.  To 
verify  that  the  resistance  measurements  were  not  impacted  by 
capacitive  effects,  AC  measurements  were  made  at  frequencies 
from  1  Hz  to  10  kHz.  The  AC  and  DC  resistances  were  the  same 
within  experimental  uncertainty. 

Two  commercial  GDL  materials  were  studied:  carbon  paper 
(Toray,  TGP-H-120)  and  wet-proofed  carbon  cloth  (CCWP).  Both 
were  obtained  from  the  Fuel  Cell  Store  (Fuel  Cell  Earth  LLC,  Stone- 
ham,  MA).  The  primary  difference  between  these  is  the  structural 
arrangement  of  the  fibers.  Carbon  cloth  and  carbon  paper  are 
composed  of  5-10  pm  diameter  graphitic-like  carbon  fibers  [37,38]. 
Carbon  paper  has  fibers  randomly  deposited  and  pressed  into  a 
paper  sheet  with  a  porosity  of  ~  78%  [39-41  ] .  Carbon  cloth  is  made 
by  bundling  fibers  (approximately  100  fibers)  and  weaving  those 
bundles  together  to  form  a  cloth  that  is  -85%  porous  material  [42]. 

GDL  materials  are  frequently  treated  with  PTFE  to  make  them 
more  hydrophobic.  The  hydrophobic  treatment  is  thought  to 
reduce  liquid  water  accumulation  in  the  GDL.  The  resistances  of 
GDL  materials  with  different  PTFE  loadings  were  measured. 

The  resistances  of  a  model  catalyst  layer  were  obtained  by 
preparing  carbon  coated  Nafion™  115  membranes  (DuPont  de 


Nemours,  Wilmington  De).  Vulcan  carbon  black  (Vulcan  XC72 
Cabot,  Boston,  MA)  layers,  approximately  10  pm  thick,  were  spray 
coated  onto  Nafion™  115  membranes.  The  carbon  coated  mem¬ 
brane  was  placed  in  the  conductivity  cell  with  the  catalyst  layer  in 
contact  with  the  Cu  electrodes. 

Microporous  layers  (MPL)  are  coated  onto  GDL  surfaces  to 
enhance  the  performance  of  fuel  cells.  In  this  study,  the  electrical 
conductivity  of  the  GDL  with  and  without  an  MPL  was  measured. 
The  MPL  is  a  composite  layer  consisting  of  carbon  black  (Vulcan 
XC72,  Cabot,  Boston,  MA)  mixed  with  PTFE  as  a  binder.  A  suspen¬ 
sion  of  carbon  and  PTFE  in  isopropanol  was  sprayed  onto  a  GDL 
material  using  a  similar  process  as  for  the  catalyst  layer  deposition. 
MPL  layers  comprised  of  Vulcan  carbon  particles  with  20  wt%  PTFE 
were  spray  coated  onto  carbon  paper  and  carbon  cloth  GDL  mate¬ 
rials.  The  GDL  materials  also  had  20  wt%  PTFE  loading.  MPL  mass 
loadings  of  0,  0.5, 1.0  and  2.0  mg  cm-2  were  applied. 

3.  Results 

3.1.  Bulk  and  contact  resistance 

For  each  GDL  and  CL  sample  a  series  of  resistance  measurements 
were  obtained  between  different  sets  of  Cu  electrodes.  Represen¬ 
tative  data,  plotted  as  resistance  as  a  function  of  distance  between 
electrodes,  are  shown  in  Figs.  3  and  4.  The  data  shown  were  ob¬ 
tained  for  a  CL  and  GDLs  with  20%  PTFE  loading.  All  measurements 
were  done  at  room  temperature.  The  bulk  resistances  for  lateral 
current  flow  through  the  cross-section  of  the  GDL  or  the  CL  may  be 
obtained  from  the  slopes  of  the  resistance  vs.  distance  lines.  The  y- 
intercepts  of  the  lines  are  the  contact  resistances  between  the  GDL 
or  the  CL  with  the  Cu  electrode. 

The  GDL  was  compressed  by  tightening  four  bolts  equally  with  a 
torque  wrench.  GDL  thickness  between  the  bipolar  plate  block  and 
measurement  block  was  measured  with  a  digital  micrometer.  Tor¬ 
que  on  the  bolts  was  equated  to  an  applied  pressure  on  the  GDL 
assuming  uniform  loading.  GDL  thickness  as  a  function  of  applied 
pressure  is  summarized  in  Table  1. 

The  bulk  resistivity  and  areal  contact  resistivity  were  deter¬ 
mined  from  the  slope  and  intercept  of  the  resistance  vs.  distance 
line  using  Equations  (1)  and  (2), 

Pbulk  =  (slope)  fGDL^GDL  0) 

Pcontact  =  (intercept)  Weiectrode^GDL  (2) 


Fig.  3.  Resistance  as  a  function  of  electrode  spacing  comparing  a  catalyst  layer  (CCM), 
and  carbon  cloth  and  carbon  paper  GDL  The  carbon  cloth  and  carbon  paper  have  20  wt 
%  PTFE  loading.  The  clamping  pressure  was  1.08  MPa. 
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Fig.  4.  Resistance  as  a  function  of  electrode  spacing  comparing  carbon  cloth  and  car¬ 
bon  paper  GDL.  PI  and  P2  represent  the  clamping  pressures  of  1.08  MPa  and  0.27  MPa 
respectively. 


where  Lgdl  is  the  thickness  of  the  GDL,  Lgdl  is  the  length  of  contact 
between  the  GDL  and  the  copper  electrodes  (55  mm),  and  weiectrode 
is  the  width  of  the  copper  electrodes  (1.6  mm). 

The  lateral  resistance  of  an  uncoated  membrane  was  more  than 
1000  times  greater  than  the  resistance  of  the  catalyst  coated 
membrane.  This  indicated  that  the  membrane  electronic  conduc¬ 
tivity  could  be  neglected  relative  to  the  GDL  and  the  CL 
conductivity. 

The  total  resistance  of  the  CL  is  more  than  100  times  greater 
than  carbon  cloth  and  carbon  paper  GDL  materials.  The  CL  resis¬ 
tance  is  much  greater  because  it  is  only  10  microns  thick,  compared 
to  the  GDLs  which  are  —300  microns  thick.  After  correcting  for  the 
layer  thickness  the  bulk  resistivity  of  the  catalyst  layer  is  still  5-10 
times  greater  than  the  bulk  resistivity  of  the  GDL  materials.  The 
carbon  fibers  of  the  GDL  materials  carry  electronic  current  with 
much  less  resistance  than  the  resistance  encountered  with  multiple 
point  contacts  between  carbon  particles  in  the  CL.  Table  2  is  a 
comparison  summary  of  the  bulk  resistivity  and  areal  contact  re¬ 
sistivity  of  the  CL,  carbon  cloth  GDL  and  carbon  paper  GDL. 

The  areal  contact  resistivity  of  the  CL  with  the  Cu  electrode  is 
approximately  2-4  times  greater  than  the  area  contact  resistivity  of 
the  GDL  materials.  The  CL  only  makes  point  contacts  with  the 
electrode,  while  the  GDL  materials  allow  line  contacts  with  the 
electrode.  The  line  contacts  provide  more  contact  area  resulting  in 
reduced  contact  resistivity. 

Fig.  4  shows  that  both  the  contact  and  bulk  resistivities  of  car¬ 
bon  cloth  GDLs  are  greater  than  those  for  carbon  paper  GDLs.  Fig.  4 
shows  that  neither  the  bulk  nor  the  contact  resistivities  changed 
much  for  applied  pressures  from  0.27  to  1.08  MPa. 


Table  1 

Compression  of  carbon  cloth  and  carbon  paper  GDL  materials. 


Pressure  (MPa) 

Thickness  ( tGDL>  pm)  ±10  pm 

Carbon  paper 
initial  thickness:  370 

Carbon  cloth 
initial  thickness:  397 

Initial  compression 

301 

320 

0.27 

281 

298 

0.38 

267 

267 

0.54 

261 

247 

0.8 

256 

241 

1.08 

248 

234 

1.6 

239 

220 

2.16 

229 

211 

Table  2 

Resistivities  of  catalyst  layer  and  GDL  materials. 


Material 

Ptmik  (mQ  cm) 

Pcontact  (mQ  cm2) 

Catalyst  layer 

90 

50 

Carbon  cloth  GDL 

10 

25 

Carbon  paper  GDL 

6 

13 

3.2.  The  effects  of  PTFE  loading  on  the  resistivity  of  GDL  materials 

The  bulk  and  contact  resistances  of  carbon  paper  and  carbon 
cloth  GDL  materials  with  different  PTFE  loadings  were  measured, 
and  the  results  are  compared  in  Fig.  5.  The  bulk  resistivities  for  both 
carbon  paper  and  carbon  cloth  showed  no  dependence  on  the  PTFE 
loading.  This  is  reasonable  since  the  PTFE  is  external  to  the  carbon 
fibers  that  carry  the  electronic  current.  The  PTFE  apparently  filled  in 
the  voids  of  the  GDL  materials,  and  therefore  had  no  effect  on  the 
network  structure  of  the  carbon  fibers  that  carry  the  current. 

The  contact  resistivities  of  both  carbon  cloth  and  carbon  paper 
GDL  materials  increased  with  increasing  PTFE  loading,  and  the  ef¬ 
fect  was  greater  for  the  carbon  cloth.  Since  the  PTFE  coats  the 
carbon  fibers  the  contact  of  the  carbon  fibers  at  the  surface  of  the 
GDL  will  form  an  insulating  layer  between  the  carbon  fibers  of  the 
GDL  and  the  Cu  electrode.  The  greater  the  PTFE  loading  the  thicker 
the  insulating  layer.  Why  the  PTFE  creates  greater  contact  resis¬ 
tance  with  carbon  cloth  than  carbon  paper  is  not  known,  but  it  is 
suspected  it  is  related  to  the  larger  scale  morphology  with  the 
carbon  cloth.  The  woven  pattern  of  carbon  cloth  results  in  fewer 
point  contacts  between  the  GDL  and  the  electrode  material,  so 
blocking  those  contact  points  has  a  greater  effect  on  the  carbon 
cloth. 

3.3.  The  effects  of  microporous  layer  on  the  resistivity  of  the  GDL 

The  microporous  layer  (MPL)  plays  a  key  role  in  improving  the 
performance  of  fuel  cells  [43-46].  Numerous  papers  focus  on  how 
the  MPL  affects  water  transport  to  improve  fuel  cell  performance. 
The  MPL  also  alters  the  electronic  conduction  by  filling  in  the  voids 
of  the  GDL  with  a  conducting  materials  and  providing  more  points 
of  contact  at  the  GDL/BPP  interface. 

MPL  layers  comprised  of  Vulcan  carbon  particles  with  20  wt% 
PTFE  were  spray  coated  onto  GDL  materials;  mass  loadings  of  0, 0.5, 
1.0  and  2.0  mg  cm-2  were  applied.  The  GDL  materials  also  had 
20  wt%  PTFE  loading.  The  bulk  and  areal  contact  resistivities  of  the 
GDL  with  MPL  layers  measured  under  0.80  MPa  compression  are 
summarized  in  Table  3. 

The  addition  of  an  MPL  had  no  effect  on  the  bulk  resistivity  of 
the  carbon  paper  GDL.  The  addition  of  an  MPL  layer  reduced  the 
bulk  resistivity  of  the  carbon  cloth  GDL  slightly.  The  addition  of  the 
MPL  reduced  the  contact  resistance  for  both  carbon  paper  and 
carbon  cloth  GDL  materials. 

The  carbon  particles  for  the  MPL  appeared  to  penetrate  into  the 
larger  depressions  of  the  bundle  weave  of  carbon  cloth  which 
resulted  in  the  decrease  of  the  bulk  resistivity  of  carbon  cloth.  Since 
the  particles  did  not  effectively  enter  the  carbon  paper  GDL  there 
was  little  effect  on  the  bulk  resistivity.  As  shown  in  Table  3,  the 
presence  of  an  MPL  slightly  reduced  the  bulk  resistivity  and  contact 
resistance.  But  there  was  little  to  no  effect  of  increasing  the  carbon 
loading  above  0.5  mg  cm-2  on  the  bulk  or  contact  resistance.  Both 
carbon  paper  and  carbon  cloth  GDL  materials  showed  reduced 
contact  resistance  due  to  an  MPL  suggesting  that  the  small  particles 
of  the  MPL  layer  produced  more  contact  point  between  the  GDL/ 
MPL  layer  and  the  Cu  electrode.  However,  for  thicker  layers  of 
carbon  black  there  is  no  increase  in  the  points  of  contact  to  the  BPP. 
The  carbon  black  was  mixed  with  PTFE,  increasing  carbon  loadings 
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Fig.  5.  Bulk  resistivity  and  contact  resistance  of  GDL  materials  (Toray  Carbon  Paper  and  Carbon  Cloth)  at  1.07  MPa. 


also  increases  the  PTFE  content.  The  increased  PTFE  loading  may 
limit  the  contact  between  the  carbon  particles  and  BPP. 

3.4.  GDL  deformation  and  contact  resistance 

Increasing  the  torque  on  the  bolts  increased  the  clamping 
pressure  on  the  GDL.  In  a  fuel  cell,  the  bipolar  plate  only  contacts 
the  GDL  under  the  ribs;  no  pressure  is  applied  to  the  GDL  under  the 
channel.  To  examine  the  effect  of  non-uniform  pressure  loading  on 
the  GDL,  ribs  and  channels  were  machined  into  the  bipolar  plate 
blocks.  The  ribs  and  channels  were  spaced  such  that  the  Cu  elec¬ 
trodes  were  either  under  a  rib  or  a  channel.  Block#l  with  wide 
channels  had  three  electrodes  under  each  channel  and  one  elec¬ 
trode  under  each  rib.  Block#2  had  one  electrode  under  each 
channel  and  rib.  By  choosing  pairs  of  electrodes  it  was  possible  to 
measure  resistances  between  electrodes  under  the  ribs  or  under 
the  channels. 

Fig.  6  shows  the  effective  conductivity  of  carbon  cloth  GDL 
material  measured  between  electrode  1  (under  a  rib)  and  the  other 
electrodes  for  Block#l  with  the  wide  channels.  Electrodes  3  and  7 
are  centered  under  the  channels.  Fig.  7  shows  the  data  for  a  carbon 
paper  GDL.  When  the  carbon  paper  GDL  is  put  under  sufficient 
compression  the  conductivity  went  to  zero  at  electrodes  3  and  7, 
indicating  that  the  GDL  pulled  away  from  the  electrode  at  the 
center  of  the  channel.  As  the  compression  was  increased  the  carbon 
cloth  pulled  away  from  electrodes  2  and  4  at  the  edges  of  the 
channel.  The  carbon  paper  GDL  required  greater  compression  for 
detachment  to  occur,  and  the  detachment  was  only  seen  at  elec¬ 
trodes  3  and  7  at  the  very  center  of  the  channel. 

The  detachment  of  the  GDL  from  contacting  the  electrode  under 
the  channel  can  be  seen  in  the  photo  images  shown  in  Fig.  8.  The 
carbon  cloth  GDL  shows  a  much  greater  deflection  than  the  carbon 
paper  GDL. 


Table  3 

Resistivities  of  carbon  paper  and  carbon  cloth  as  function  of  the  carbon  black  content 
in  the  MPL. 


Carbon  loading 
in  MPL 

Bulk  resistance 
(mQ  cm) 

Contact  resistance 
(mQ  cm2) 

Carbon  paper 

No  MPL 

6.2 

12.8 

0.5  mg  cm-2 

5.8 

10.8 

1  mg  cm-2 

5.9 

10.4 

2  mg  cm2 

6 

11.4 

Carbon  cloth 

No  MPL 

14.3 

28.3 

0.5  mg  cm-2 

12.1 

22.4 

1  mg  cm-2 

11.3 

23.7 

2  mg  cm-2 

11 

23.6 

(Fig.  8)  Experiments  were  also  done  with  narrow  channels. 
Block#2  had  ribs  and  channels  both  3.2  mm  wide.  With  Block#2 
the  carbon  cloth  GDL  required  compression  to  1.08  MPa  before 
detachment  was  observed,  and  no  detachment  was  observed  for 
carbon  paper  GDL  for  pressures  up  to  1.61  MPa. 

4.  Discussion 

It  is  frequently  forgotten  that  the  primary  reason  for  a  GDL  in  the 
PEMFC  is  to  reduce  the  electronic  resistance  to  carry  the  electronic 
current  from  the  catalyst  layer  under  the  channel  to  the  bipolar 
plate.  The  electrical  resistance  associated  with  the  MEA  is  almost 
always  much  less  than  the  resistance  for  ion  transport  in  the 
polymer  membrane.  Fuel  cell  improvements  have  emphasized 
identification  of  membranes  with  reduced  ion  resistance.  But  there 
is  a  finite  electronic  resistance  associated  with  the  GDL  and  CL  that 
should  not  be  completely  ignored. 

The  measurement  method  presented  here  clearly  differentiated 
the  contact  resistance  between  the  GDL  or  the  CL  with  the  BPP  from 
the  bulk  resistance  to  carry  the  current  laterally  in  the  GDL.  The  key 
results  from  this  study  are: 

1.  The  catalyst  layer  has  a  much  larger  resistance  for  electronic 
transport  than  the  gas  diffusion  layer. 

2.  The  addition  of  PTFE  to  the  GDL  increases  the  contact  resistance, 
but  has  little  effect  on  the  bulk  resistance. 

3.  The  addition  of  a  MPL  to  the  GDL  reduces  the  contact  resistance. 
The  addition  of  an  MPL  produced  a  small  decrease  in  bulk 


Fig.  6.  Effective  conductivity  of  carbon  cloth  GDL  under  ribs  and  channels  as  a  function 
of  the  applied  pressure. 
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Fig.  7.  Effective  conductivity  of  carbon  paper  GDL  under  ribs  and  channels  as  a  func¬ 
tion  of  the  applied  pressure. 


Fig.  9.  (Keiectronic/Kionic)  as  a  function  of  channel  width  and  GDL  thickness.  The  thick¬ 
ness  of  the  conducting  layer  and  the  contact  resistances  are  shown  on  the  figure. 


resistance  for  carbon  cloth  GDL,  but  had  no  effect  on  the  bulk 
resistance  for  carbon  paper  GDL. 

4.  Compression  has  little  effect  on  the  bulk  resistance  of  the  GDL. 
Compression  can  deform  the  GDL  which  can  cause  detachment 
under  the  channel. 

The  results  indicate  that  bulk  resistance  is  not  significantly 
altered  by  processing  of  the  GDL.  The  GDL  is  made  up  of  carbon 
fibers.  The  electron  current  is  carried  through  those  carbon  fibers. 
Adding  PTFE,  adding  an  MPL  or  compressing  the  GDL  has  little  ef¬ 
fect  on  the  carbon  fibers,  so  there  is  little  effect  on  the  bulk  re¬ 
sistivity.  However,  those  treatments  all  affect  the  interface  of  the 
GDL  with  the  bipolar  plate,  altering  the  contact  resistance  as  was 
seen  in  the  results  presented  above. 


4.1.  The  role  of  the  GDL  on  the  resistivity  of  fuel  cell 

The  GDL  provides  electrical  conductivity  from  the  catalyst  layer 
to  the  bipolar  plate.  The  catalyst  layer  itself  is  electrically  conduc¬ 
tive  and  could  serve  this  role  as  well.  However,  the  GDL  substan¬ 
tially  reduces  the  lateral  resistance  for  electronic  current 
conduction  compared  to  the  catalyst  layer. 

The  effective  electronic  resistance  of  the  membrane  electrode 
assembly  (MEA)  is  a  function  of  the  GDL  thickness  and  the  di¬ 
mensions  of  the  gas  flow  channel.  The  ohmic  voltage  drop  in  fuel 
cell  is  due  to  the  ionic  membrane  resistance,  the  electronic  resis¬ 
tance  and  load  resistance.  The  electronic  resistance  involves  the 
lateral  flow  of  current  in  both  the  catalyst  layer  and  the  GDL  from 
the  channels  to  the  ribs,  the  transverse  flow  of  current  through  the 
catalyst  layer  and  GDL  under  the  ribs,  and  the  charge  transport  at 
the  GDL/bipolar  plate  interface,  as  illustrated  in  Fig.  1.  The  re¬ 
sistances  per  channel  for  each  of  those  transport  steps  are  sum¬ 
marized  in  Equation  (3). 


carbon  paper 


rib  channel 


copper  electrode 


R 

R 

R 

R 


_  Pc L2  (^channel +^rib) 

lateral, CL  -  Lcha„„dta 

_  PGDL?  (Wchannel+VVrib) 

lateral, GDL  LchanneitcDL 


(a) 

(b) 


transverse, CL 


_ PcdcL _ 

t-channelj  (Wchannel+Wrib) 


transverse, GDL 


_ PgdlTgdl _ 

t-channel^  ( ^channel  +^rib  ) 


(c) 

(d) 


Rcontact  “  (e) 


(3) 


The  overall  electronic  resistance  per  channel  is  found  by  adding 
the  parallel  and  series  resistances  shown  in  Fig.  1.  The  overall 
electronic  resistance  is  given  by  Equation  (4). 


^electronic  —  ^transverse,  CL  +  ^transverse, GDL 

^lateral, CL^lateral, GDL  p 

Hr  p - —5 - r  Ivcontact 

^lateral, CL  '  ^lateral, GDL 


(4) 


We  can  compare  the  contributions  of  the  electronic  resistance  to 
the  resistance  for  proton  transport  across  the  membrane,  given  by 
Equation  (5). 


p  _  Pionic  ^-membrane 

nionic  ~  T  \  A 

^channel!  (wchannel  +  wribJ 


(5) 


Fig.  8.  Images  of  the  GDL  deflection  under  a  channel  for  (a)  carbon  cloth  and  (b)  A  useful  figure  of  merit  for  the  GDL  is  the  ratio  of  the  electronic 

carbon  paper.  These  are  at  an  applied  pressure  of  1.61  MPa.  resistance  to  the  ionic  resistance  given  by  Equation  (6).  (^electronic/ 
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ftionic)  should  be  small  to  minimize  the  ohmic  potential  drop  across 
the  GDL. 


^electronic  \ 

^innir  / 


Patch 

Pion  ^-membrane 


Pgdl^gdl 

Pion  ^-membrane 


_ PdPGDL  (^channel  +  wrib)2 _ 

Pionic(PCL^GDLfmembrane  +  PGDL^CL^membrane) 
_ Pc  ontactwrib _ 

Pion  ^membrane  (wrib  +  ^channel) 

(6) 


Under  most  circumstances  where  pci  ~  Pgdl  and  tcL  <<  tcm  the 
transverse  resistances  across  the  CL  and  GDL  are  negligible.  The 
ratio  of  electronic  to  ionic  resistance  is  dominated  by  the  bulk 
lateral  resistance  (corresponding  to  the  third  term  on  the  right 
hand  side  of  Equation  (6))  and  the  area  contact  resistance.  A 
simplified  limiting  expression  for  the  resistance  ration  is  given  by 
Equation  (7). 


^electronic  A  ^PGDL(Wchannel  +  W^) _ Pcontact 

v  ^ionic  )  Pionic^GDlfmembrane  Pionic  ^-membrane 


(7) 


In  Fig.  9  the  resistance  ratio  has  been  plotted  as  a  function  of  the 
channel  width  (assuming  the  rib  and  channel  are  the  same  width). 
A  Nation™  115  membrane  with  pionic  =  10  Q  cm  was  assumed.  The 
resistivities  for  the  GDL  and  CL  reported  in  Table  2  have  been  used 
in  Equation  (6).  The  resistance  ratio  for  just  a  catalyst  layer  with  no 
GDL  has  also  been  shown.  Lastly,  we  show  a  line  corresponding  to  a 
300  pm  thick  GDL  with  a  reduced  contact  resistivity,  which  could 
represent  the  effect  of  a  microporous  layer. 

Fig.  9  shows  there  is  a  minimum  resistance  for  zero  channel 
width.  This  minimum  value  corresponds  to  the  contact  resistance  of 
the  GDL  or  CL  with  the  BPP.  As  the  channel  width  increases  the 
electronic  resistance  increases.  With  a  typical  GDL,  300  pm  thick, 
there  is  little  contribution  to  the  electronic  resistance  from  lateral 
transport  for  channel  widths  <1  mm. 

There  is  a  large  reduction  of  the  electronic  resistance  by  intro¬ 
ducing  the  GDL.  The  thin  CL  poses  a  large  resistance  for  lateral 
transport  from  the  channel  to  the  rib.  By  placing  the  lower  resis¬ 
tance  GDL  in  parallel  to  the  CL  the  effective  lateral  resistance  for  the 
electronic  current  is  reduced. 

Reducing  the  contact  resistance  could  improve  PEMFC  effi¬ 
ciency.  Resistive  energy  losses  from  the  contact  resistance  are  in¬ 
dependent  of  any  flow  field  design.  From  the  measurements 
reported  here  those  losses  add  ~  8%  to  the  resistive  losses  from  ion 
transport  in  a  Nation™  115  membrane.  Thinner  membranes  can 
reduce  the  transport  losses  from  proton  transport,  but  will  have  no 
impact  on  the  electronic  transport.  The  addition  of  an  MPL  reduces 
the  contact  resistance,  presumably  by  increasing  the  contact  points 
between  the  bipolar  plate  and  the  GDL/MPL  layer.  Microporous 
layers  are  not  often  placed  on  the  outer  GDL  surface  because  it 
hinders  liquid  water  removal  from  the  GDL,  and  flooding  of  the  GDL 
may  be  a  greater  problem  than  the  reduced  electronic  resistance. 

In  general  it  is  expected  that  mass  transport  of  gases  and  liquid 
water  across  the  gas  diffusion  layer  will  be  more  important  to  fuel 
cell  efficiency  than  the  resistance  for  electron  transport  in  the  GDL. 
However,  the  electronic  resistance  should  not  be  ignored  as  even 
small  improvements  in  fuel  cell  efficiency  can  be  important  to  the 
commercial  viability  of  PEMFC  technology. 

5.  Conclusion 

A  multi-electrode  probe  was  employed  to  investigate  the  bulk 
and  contact  resistances  of  carbon  paper  and  carbon  cloth.  The 


effects  of  PTFE  treatment  to  the  GDL,  addition  of  microporous  layers 
to  the  GDL,  and  compression  of  the  GDL  were  also  quantified  for 
carbon  paper  and  carbon  cloth  GDL  materials. 

Carbon  paper  has  both  lower  bulk  resistivity  and  contact  re¬ 
sistivity  than  carbon  cloth,  presumably  because  of  more  uniform 
surface  topography. 

A  microporous  layer  on  carbon  paper  does  not  significantly  alter 
the  bulk  resistivity  of  GDL  materials,  but  does  reduce  the  contact 
resistivity.  The  loading  of  carbon  in  the  MPL  can  reduce  the  re¬ 
sistivity  of  carbon  paper  and  carbon  cloth.  PTFE  treatments  of  both 
carbon  paper  and  carbon  cloth  GDL  materials  increase  the  contact 
resistivity  but  have  little  effect  on  the  bulk  resistivity  of  the  GDL 
materials. 

Compression  of  GDLs  deforms  the  GDL  under  the  channels  and 
causes  detachment  of  the  GDL.  Carbon  cloth  GDLs  were  more  easily 
compressed  and  deformed  compared  to  carbon  paper  GDLs. 

The  measurement  of  the  contact  and  bulk  resistances  of  GDL 
materials  allowed  quantitative  analysis  of  the  role  of  GDL  thickness 
and  channel  width  on  the  electronic  resistance.  It  was  shown  that  a 
GDL  greatly  reduced  the  electronic  resistance  for  lateral  electron 
transport  compared  to  the  resistance  associated  with  the  catalyst 
layer.  The  contact  resistance  was  the  major  source  of  electronic 
resistance  across  GDL. 
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